Abstract. Several of the proteins used to form and maintain myelin sheaths in the central nervous system (CNS) and the peripheral nervous system (PNS) are shared among different vertebrate classes. These proteins include one-toseveral alternatively spliced myelin basic protein (MBP) isoforms in all sheaths, proteolipid protein (PLP) and DM20 (except in amphibians) in tetrapod CNS sheaths, and one or two protein zero (P 0 ) isoforms in fish CNS and in all vertebrate PNS sheaths. Several other proteins, including 2Ј, 3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNP), myelin and lymphocyte protein (MAL), plasmolipin, and peripheral myelin protein 22 (PMP22; prominent in PNS myelin), are localized to myelin and myelin-associated membranes, though class distributions are less well studied. Databases with known and identified sequences of these proteins from cartilaginous and teleost fishes, amphibians, reptiles, birds, and mammals were prepared and used to search for potential homologs in the basal vertebrate, Ciona intestinalis. Homologs of lipophilin proteins, MAL/plasmolipin, and PMP22 were identified in the Ciona genome. In contrast, no MBP, P 0 , or CNP homologs were found. These studies provide a framework for understanding how myelin proteins were recruited during evolution and how structural adaptations enabled them to play key roles in myelination.
Introduction
All modern-day gnathostomes, from mammals to elasmobranches, have structurally and compositionally similar myelin sheaths. Because these sheaths are absent in agnathans (Bullock et al., 1984) and invertebrate chordates, myelination most likely developed in the common gnathostome ancestor. Myelin sheaths surround large-caliber axons of the central nervous system (CNS) and the peripheral nervous system (PNS) in a segmental fashion, forming internodes. These internodes, bordered axon membranes with high concentrations of sodium channels, promote saltatory conduction-a process that dramatically increases the effectiveness of neuronal communication. The evolution of saltatory conduction could have supported improved predation, escape, and other behaviors that offered advantages for the development and survival of the early gnathostome ancestor. The evolution of myelination required ancestral glial cells to target to growing axons, separate single axon segments from neighbors, and form insulating multilayered membrane sheaths of appropriate dimensions for each largecaliber axon. The final step, myelin formation, involved an up-regulation of specific glial cell proteins that function to cause the expanding plasma membrane to spirally wrap into a tightly compacted multilayered myelin sheath.
The aim of this study was to identify invertebrate homologs of vertebrate glial proteins adapted to shape myelin sheath formation. Focus was on the common sea squirt Ciona intestinalis (L.), an invertebrate chordate derived from a common ancestor of extant vertebrates. This animal was chosen because its entire genome is known (Dehal et al., 2002) and the ascidian tadpole larva is emerging as an important model of the development of the chordate nervous system (Meinertzhagen et al., 2004; Satoh, 2004; Passamaneck and Di Gregorio, 2005) . Furthermore, the ascidian genome retains simplicity lost in the rounds of gene duplication associated with vertebrate evolution.
This study focused on structurally diverse low-molecularweight proteins present in most vertebrate myelin sheaths. Included are compositionally prominent (20%-50% of protein mass) myelin basic protein (MBP), protein zero (P 0 ), and proteolipid protein (PLP) and "myelin-related" 2Ј, 3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNP), peripheral myelin protein 22 (PMP22), myelin and lymphocyte protein (MAL), and plasmolipin. Deletion, overexpression, or mutation of CNP, PMP22, and MAL all result in defects in myelination and/or myelin sheath stability, which further demonstrates their importance in myelination (e.g., LappeSiefke et al., 2003; Schaeren-Wiemers et al., 2004) .
Materials and Methods
Initial myelin protein sequences were identified by text searches of the Entrez Protein database ͗http://www.ncbi. nlm.nih.gov/entrez/query.fcgi?dbϭProtein͘. Additional family members were identified using these sequences as queries for BLASTP searches of GenBank ͗http://www.ncbi. nlm.nih.gov/BLAST/͘. From the databases obtained ͗http://www.mbl.edu/BiologicalBulletin/VIDEO/BB.video. html͘, query sequences were selected (Table 1) and used in TBLASTN searches of release 1.0 of the Ciona intestinalis genome database ͗http://genome.jgi-psf.org/ cgi-bin/runAlignment?dbϭciona4͘. Gene model sequences matching the queries with expectation value less than 0.1 were then used as queries in reciprocal BLASTP searches of the GenBank non-redundant database. Annotations in the Ciona model, the presence of conserved protein domains (Marchler-Bauer and Bryant, 2004) , and relatedness to subject myelin proteins in the reciprocal BLASTP searches were used as the basis for accepting or rejecting model sequences as being myelin protein family homologs. When queries failed to identify suitable gene models, searches were expanded to the Ciona intestinalis EST database (͗http://ghost.zool.kyoto-u.ac.jp/indexrl. html͘, TBLASTN). Sequences obtained from these searches were then used as queries for both GenBank and Ciona genome database searches. Complementing this approach and to achieve additional sensitivity, "jump start" with PSI-BLAST (Altschul et al., 1997) of the NCBI non-redundant (nr) protein database ͗ftp:// ftp.ncbi.nih.gov/blast/db/FASTA/nr.gz͘ was used to create a position-specific score matrix for each myelin protein family. "Jump-start" PSI-BLAST with vertebrate protein alignments containing the query sequences was performed as described in the documentation for BLAST. The alignments used for the "jump start" were built with ClustalX (Chenna et al., 2003) . PSI-BLAST was then run against the nr database for five iterations (including from each round the sequence matched with an E-value less than 0.001). The resulting family-specific scoring matrices were then used with the same PSI-BLAST queries to search release 1.0 of the Ciona intestinalis protein predictions ͗http://www.jgi.doe.gov/͘ for additional family members. The resulting sequences originating from EST and PSI-BLAST searches were considered true positives if supported by reciprocal BLAST matches to vertebrate proteins from the target families, and by matches to the Conserved Domain Database.
For each gene model identified, prediction of transmembrane helices ͗http://www.cbs.dtu.dk/services/TMHMM-2.0/͘ and presence of potential signal peptide cleavage sites ͗http://www.cbs.dtu.dk/services/SignalP/͘ were determined.
Results

Of prominent myelin proteins, only PLP family members are present in Ciona
Search for MBP homologs. Myelin basic proteins (MBPs) are abundant in the myelin sheaths of gnathostome central nervous system (CNS) and peripheral nervous system (PNS) (Waehneldt et al., 1986) and are a logical starting point for this study. Of the 55 MBP protein sequences from 16 species (9 mammals, chick, frog, zebrafish, pufferfish, and 4 elasmobranchs) that were identified, 8 were chosen as query sequences (Table 1) . Because of complexity introduced by extensive alternative splicing and alternative promoter use (Campagnoni and Campagnoni, 2004) , queries of the Ciona genome database were conducted with the largest MBP sequences available from each chosen species. No hits were obtained using the expectation cutoff of 0.1. Although relaxing this criteria (to E-value Ͻ1) resulted in four candidate matches, reciprocal BLAST and sequence analyses showed that none of these candidates were related to MBP. Similarly, candidate matches identified in the Ciona intestinalis EST database (TBLASTN, 5Ј and 3Ј-ESTs) failed to yield reciprocal BLAST matches to MBP and lacked recognizable MBP domain sequences. Likewise, PSI-BLAST searches failed to identify MBP homologs. These efforts suggest that MBP homologs do not exist in Ciona intestinalis.
Search for protein zero homologs. Protein zero (P 0 ) is highly abundant (Ͼ50% of total protein) in fish CNS myelin sheaths and in almost all vertebrate PNS myelin sheaths (Kirschner et al., 2004) . Surprisingly, P 0 was not identified in zebrafish PNS (Brosamle and Halpern, 2002; Schweitzer et al., 2003) . Of 52 P 0 sequences from 12 species (6 mammals, chick, frog, 3 teleost fishes, and horned shark), 6 were chosen as queries (Table 1) . Three produced hits to seven different scaffolds in the Ciona genome database, and five of these (identified with human and rat queries) matched the same 30-amino-acid region (161-190 in human P 0 ) that includes the single transmembrane (TM) domain (residues 153-179). Although these sea squirt sequences were 33%-40% identical and 70%-74% similar to rat and human P 0 sequences in this region, reciprocal GenBank searches with the model sequences did not suggest that these Ciona sequences were P 0 homologs. Likewise, reciprocal searches of GenBank with the two Ciona gene model sequences found with shark P 0 as query indicated that these were not P 0 homologs. Extending the analyses to the Ciona intestinalis EST database and with PSI-BLAST both failed to identify P 0 homologs in sea squirt.
Search for lipophilin homologs. Proteolipid protein (PLP) did not become the dominant CNS myelin protein until it appeared in amphibian CNS (Schliess and Stoffel, 1991; Yoshida and Colman, 1996; Venkatesh et al., 2001 ). Yet, a more ancestral origin of this family is supported by identification of smaller DM20 and related M6 proteins in elasmobranches, teleosts, and lobe-finned fishes. Together, PLP, DM20, and M6 tetraspan proteins are grouped into a single family of lipophilin proteins (Gow, 1997) . Lipophilin genes have already been identified in the insects-fruit fly, Drosophila melangaster, and silkworm, Bombyx mori- (Stecca et al., 2000) , indicating that the basic family predates the evolutionary divergence of deuterostomes and protostomes. Sequences from seven species (Table 1) were used to search the Ciona genome database and identified three possible matches, including two previously predicted gene models (ci0100152946 -sea squirt DM-1 and ci0100149653-sea squirt DM-2; Table 2 ). An additional candidate (ci0100150877-DM-3) was obtained from the PSI-BLAST search ( Table 2 ). The protein (sea squirt DM-3), derived from eight exons, was related to M6B protein in its N-terminal half (residues 9 -195 of 441 amino acids). Sea squirt DM-1 is 36.3% similar to sea squirt DM-2 in overlapping regions (alignment contains four gaps in sea squirt DM-1) and 35.4% similar to sea squirt DM-3 (also with four gaps in sea squirt DM-1). Sea squirt DM-2 is only 21.1% similar to sea squirt DM-3 (entire sequences were aligned). None of these models contained the PLP-specific exon 3b.
To further characterize the relatedness of the three sea The species, accession number, number of amino acids, and percent similarity to the human sequence are shown for each of the sequences used in the searches. More information can be found in the supplemental information (http://www.mbl.edu/Biologica/Bulletin/VIDEO/BB. video.html). squirt sequences to known lipophilin proteins, a multiplesequence alignment was made which included all human, mouse, chick, frog, lungfish, zebrafish, and spiny dogfish lipophilin proteins (Appendix Fig. A1 ). This alignment indicated that sea squirt DM-3 was far less related to known vertebrate lipophilin proteins than either sea squirt DM-1 or DM-2. A simpler alignment that included sea squirt DM-1 and DM-2 and several vertebrate proteins indicated that DM-1 was more "vertebrate-like" (Fig. 1 ). This conclusion was further supported by the observation that sea squirt DM-1 has intron-exon boundaries identical to those in PLP/ DM20 ( Fig. 1) , while the boundaries in sea squirt DM-2 are totally different (not shown). The four TM domains predicted for both sea squirt DM-1 and DM-2 (DM-3 had only three predicted TM domains, all in the N-terminal half) fell close to the positions identified in other lipophilin proteins (not shown). Also, the relative sizes of loops linking the putative TM regions were similar for sea squirt DM-1 and DM-2 models and vertebrate lipophilin sequences. When analyzed for signal peptide cleavage, sea squirt DM-1, like human DM-20, had a predicted signal peptide at its Ntermini; sea squirt DM-2 and DM-3 did not.
Alignments of human, chick, frog, lungfish, zebrafish, and spiny dogfish lipophilin proteins revealed that all these proteins shared 41 amino acids (Appendix Fig. A1 ). Sea squirt DM-1 had 27 of these amino acids and sea squirt DM-2 had 21. A large number were cysteine residues. Of four cysteine residues in human DM20 that are fatty acylated, three are present in sea squirt DM-1 sequence and two Hudson, 2004) are indicated just below the alignment ( [-] ) and closely match locations of predicted TM domains in both sea squirt DM-1 and DM-2. The six intron/exon borders common to sea squirt DM-1 and human PLP (ENSG00000123560) are marked with upward arrows (1) below the aligned sequences. Sites of the four cysteine residues used in fatty acylation are indicated above the aligned sequences (white letters on a black background), as are the four cysteine residues that participate in disulfide bond formation (white letters on a gray background). Other common cysteine residues are indicated on the line above the sequences. Those present in M6 proteins and not in DM20/PLP are marked with gray shading. The lysine residue involved in PLP glycosylation is marked above the sea squirt DM-1 sequence (black letter with gray background). Chimp and rat plasmolipin proteins were 5th and 6th top hit (9e-16 and 6e-15).
3 Zebrafish PMP-22 proteins were identified as 9th top hit (6e-08).
4
Zebrafish PMP-22 proteins were identified as 3rd top hit (1e-04).
are present in sea squirt DM-2 (Fig. 1 ). All four cysteine residues used for disulfide bonding in human DM20 are conserved in sea squirt DM-1, whereas one residue is absent in sea squirt DM-2 (Fig. 1) . Three cysteine residues, shared among M6 proteins, sea squirt DM-1, and DM-2, are absent in PLP and DM20 sequences and may reflect differences between these families. Consistent with this observation, neighbor-joining phylogenetic trees (not shown) indicate that sea squirt DM-1 and DM-2 are more similar to M6A proteins than they are to M6B or DM20. Alignments of these evolutionarily diverse lipophilin proteins suggest that cysteine residues are important in providing stability in the proteins' membrane environments (Hudson, 2004) . The conservation of other amino acids, both within and outside the TM domains, suggests a focus for future studies to determine their functional importance.
Although the 35-amino-acid PLP-specific exon 3b sequence is limited to tetrapods, a search of the Ciona genome database (expectation cutoff, E Ͻ10) identified six scaffolds, one of which (174, no gene model) had a 17-aminoacid sequence (KGRRSRGQHKGHDLRHL) 59% identical to exon 3b, and another, adjacent to the first (746, no gene model), with seven of nine (RVCHCKGRW) amino acids identical to exon 3b. BLASTP searches for short, nearly exact matches of GenBank with both these sequences identified PLP exon 3b sequences as best hits. Surprisingly, a similar search of the pufferfish genome database ͗http:// genome.jgi-psf.org/cgi-bin/runAlignment?dbϭfugu6͘ did not find a sequence nearly as similar to the PLP-specific exon 3b as the sea squirt sequences. Further genome organization studies might provide insight into whether these Ciona sequences were co-opted in the transformation of a DM/M6 protein into PLP.
The expression patterns of sea squirt DM-1 and sea squirt DM-2 were inferred from EST database matches to the gene models ( Table 2 ). The results suggest that DM-1 is expressed in gastrulae and neurulae and in the neural complex and that sea squirt DM-2 is more broadly distributed throughout larval development. Tissue expression for DM-2 includes muscle, notochord, epidermis, endoderm, endodermal strand, nerve cord, brain, papilla, neuron, mesenchyme, trunk lateral cells, and trunk ventral cells. In situ hybridization studies needed to determine whether expression includes neuronal and ependymal cells were not reported.
Among myelin-related proteins, MAL/plasmolipin and PMP22, but not CNP, have Ciona homologs
Search for CNP/RICH homologs. 2Ј, 3Ј-Cyclic nucleotide 3Ј-phosphodiesterase (CNP) is a protein long associated with CNS and PNS myelination (see Sprinkle, 1989) . Although it is believed to be absent in fish myelin, we identified a gene model (FRUP00000141237) in the pufferfish database that encodes a 373-amino-acid protein with 52% similarity to human and bullfrog CNP. In addition, a more distantly related protein, regeneration-induced goldfish CNP homolog (gRICH), was identified in regenerating optic nerve (Wilmot et al., 1993) . gRICH has structural and functional properties similar to those of CNP, mainly in the C-terminal two-thirds of the molecule (Ballestero et al., 1997) . A zebrafish homolog of gRICH has also been reported (Ballestero et al., 1999) . Database searches identified 45 sequences related to CNP/gRICH, including genes from four mammals, chick, two amphibians, pufferfish, and goldfish. Searches of the JGI Ciona genome with five CNP and one gRICH sequences (Table 1 ) identified scaffolds only with the gRICH sequence. Reciprocal BLASTP searches of GenBank with the gRICH gene model sequence hits failed to identify CNP, gRICH proteins, or conserved domains related to these proteins. A gene model (ci0100130899, 1138 amino acids) related to CNP, though not to gRICH sequences, was identified from searches of the Ciona EST database and through a PSI-BLAST search. The only relationship of this protein to CNP was the presence of an ATPase A-box domain (Braun et al., 2004) that occurs in CNP, but not gRICH, proteins.
MAL/plasmolipin homologs in the Ciona genome. The myelin and lymphocyte protein (MAL) is a tetraspan protein distinct from the PLP/DM20 family expressed by oligodendrocytes and Schwann cells (Bronstein, 2000; Frank, 2000) . This protein likely participates in targeting of lipids and proteins that associate with lipid rafts to myelin and with stabilizing compact myelin (Schaeren-Wiemers et al., 2004) . MAL similarly targets raft-related lipids and proteins in kidney cells (Martin-Belmonte et al., 2000) . Of 37 MAL sequences identified in database searches, 5 were used as queries (Table 1) . The chick and frog sequences were previously annotated in the databases as MAL proteins; zebrafish was not. A possible sea squirt MAL protein was identified with frog MAL as query (scaffold 20, ci0100134996). A reciprocal BLASTP search with this model sequence identified a conserved MARVEL domain (characteristic of MAL) and matches to MAL family members including plasmolipin (Magyar et al., 1997) and chemokine-like factor super family (CLF)-8 proteins (Han et al., 2003) . Models from other Ciona hits were found to be unrelated to MAL family proteins in the reciprocal BLASTP searches.
Like MAL, plasmolipin proteins are expressed by both oligodendrocytes and Schwann cells (Gillen et al., 1996) and are enriched in CNS and PNS myelin sheaths . Plasmolipin proteins (human, mouse, chick, pufferfish, and frog) are 34%-41% similar to MAL proteins from the same species. Whereas the chick sequence was previously annotated as a plasmolipin, the frog and puffer-fish sequences are listed as hypothetical proteins. These sequences were less similar to human plasmolipin than the corresponding frog and pufferfish MAL and PMP22 proteins were to human counterparts (Table 1) . Queries with human, mouse, and frog plasmolipin sequences identified the gene model identified in the MAL protein search (above) and several other gene models that were unrelated to MAL/plasmolipin proteins. The single hit with the pufferfish sequence as query identified the same protein (ci0100141316) that was identified in our PSI-BLAST search with MAL sequences. This model contained a MARVEL domain over its entire length and identified CLF family-4 proteins as top hits in reciprocal BLASTP searches (Table 2) . A third Ciona candidate identified only by PSI-BLAST (ci0100144565) lacked the MARVEL domain but yielded CLF-7 and CLF-4 proteins as top hits when used as a query in BLASTP against GenBank. Although the same size (163 amino acids) as other MAL and plasmolipin proteins, it has only weak similarity to them.
Alignments of the three sea squirt models with known MAL and plasmolipin sequences clearly demonstrated that sea squirt PL-1 is more "vertebrate-like" than the other Ciona proteins (not shown). Four predicted TM domains of sea squirt PL-1 and sea squirt PL-2 align closely with those identified in plasmolipin and MAL sequences (Fig. 2) . Analyses for predicted signal peptide cleavage sites indicate differences among human MAL and plasmolipin and the two sea squirt models. Whereas both MAL and plasmolipin are predicted to have signal anchors, sea squirt PL-1 is predicted to be a non-secretory protein and sea squirt PL-2 is predicted to contain a signal peptide. At the level of gene structure, only two exons (separated in the middle of TMII) are predicted for sea squirt PL-1, whereas human plasmolipin contains four exons.
Alignment of all vertebrate plasmolipin and MAL proteins identifies 14 common amino acids (not shown). Sea squirt PL-1 contains 10 of these conserved residues, and sea squirt PL-2 contains 4. The phylogenetic tree (constructed with neighbor joining, Vector NTI, version 9.0, Invitrogen) indicates that sea squirt PL-1 clusters with plasmolipin and not with MAL proteins (not shown). Coupled with reciprocal BLASTP searches, the fact that sea squirt PL-1 has 18 amino acids in common with plasmolipin sequences (25 if the pufferfish sequence is not included) and only 13 amino acids in common with MAL sequences strengthens the assignment of the sea squirt sequence to the plasmolipin clade. Compared with the high content of cysteine residues (12-16) in DM/M6 proteins, plasmolipin and MAL proteins contain only 2-3 cysteine residues. Hypothetical zebrafish MAL contains four cysteine residues, and sea squirt PL-1 contains five cysteine residues, mostly in the predicted TM domains. Of eight amino acids at the start of TMII that are highly conserved among MAL family proteins (Frank, 2000) , six are conserved in sea squirt PL-1 (Fig. 2) . Seven of eight additional amino acids for MAL/plasmolipin/BENE proteins (Magyar et al., 1997) are conserved in sea squirt PL-1 (Fig. 2) .
The sea squirt PL-1 identified ESTs indicating plasmolipin as its best match (Table 2) . Expression was highest in young adults and in blood cells, though larvae and neural complex hits were also recorded. ESTs related to sea squirt PL-2 identified a cluster with no information on expression or on localization.
PMP22 homologs in the Ciona genome. Peripheral myelin protein 22 (PMP22) is a tetraspan protein abundant in mammalian PNS myelin (Suter, 2004) . It is currently widely studied, in part because mutations (duplications, deletions, and missense substitutions) are a leading cause of human neuropathies and because it has an important role in PNS myelination (Jetten and Suter, 2000) . We conducted database searches with 6 of 35 identified sequences, including mammal, chick, frog, pufferfish, and zebrafish (Table 1) . Human, mouse, pufferfish, and zebrafish queries recognized one candidate in Ciona (ci0100153863-PMP22-1), and the pufferfish and zebrafish sequence identified an additional candidate (ci0100153716 -sea squirt PMP22-2). Both these sea squirt sequences are predicted to contain PMP22_claudin domains and recognized vertebrate PMP22 proteins among top hits in reciprocal BLAST analyses (Table 2). The sequences were 37.3% and 28.2% similar to human PMP22 and 28.8% similar to one another. An alignment was made of these sequences and known PMP22 sequences (Fig. 3) . The predicted TM domains for the sea squirt PMP22-1 and PMP22-2 models align closely with the four TM domains predicted for human and frog PMP-22. All have a relatively large first extracellular loop. These loops, suggested to have importance for transmembrane interactions (Sanders et al., 2001) , are 37.2% (sea squirt PMP22-1) and 32.6% (sea squirt PMP22-2) similar to the extracellular loop in human PMP22. The C-terminal tail of sea squirt PMP22-2 is much larger (59 amino acids) than the three residue tails of sea squirt PMP22-1 and human and frog PMP22. Like the human, both sea squirt PMP22 models have three similarly sized exons located within the coding region (Fig. 3) . Only 10 amino acids are common among the two sea squirt PMP22-related sequences and vertebrate PMP22 sequences. Whereas all PMP22 have four cysteine residues that are completely aligned in human, mouse, chick, and frog (three of these are aligned in the zebrafish and pufferfish sequences), only the first cysteine residues in the sea squirt models align with the vertebrate PMP22 sequences. Of 30 amino acids common among PMP22, EMP1, EMP2, and EMP-3 (Taylor and Suter, 1996) , 8 are conserved in both sea squirt PMP22 sequences, and an additional one, at different sites, is conserved in each sequence. Like the zebrafish PMP-22 sequence, neither of the sea squirt PMP 22 sequences retains the N-glycosylation site present in mammalian PMP22 (Fig. 3) . The hypothetical pufferfish PMP22 contains this site. Extension of these studies with PSI-BLAST identified 10 additional models that were related to claudin family proteins, though not specifically to PMP22. A phylogenetic tree for members of the PMP22/EMP3/MP20 family (Fig. 4) shows that the sea Figure 2 . The top sea squirt model sequence for PL-1 was aligned with representative plasmolipin and myelin and lymphocyte protein (MAL) sequences, using the Clustal W program. Codes for alignment identities and conservative replacements are described in Figure 1 . Sequence numbering is the same as in Figure 1 . The four predicted transmembrane (TM) domains in human plasmolipin sequence, close to those reported for rat plasmolipin (Gillen et al., 1996) , are indicated as in Figure 1 . Three intron-exon boundaries marked in the human plasmolipin sequence (ENST00000219207, http://www.ensembl.org/) are indicated. Amino acids conserved among plasmolipin/MAL/BENE proteins (Frank, 2000) are marked with asterisks (*) above the sea squirt PL-1 sequence, and amino acids shared between squirt PL-1 and known plasmolipin, but not MAL, sequences are indicated by white letters on a gray background above the sea squirt sequence. Figure 3 . Two sea squirt model sequences for peripheral myelin protein 22 (PMP22) were aligned with representative PMP22 sequences, using the Clustal W program. Codes for alignment identities are described in Figure 1 . The four predicted transmembrane (TM) domains in human PMP22 are smaller than reported (Naef and Suter, 1998) . They align closely with predicted TM domains determined for the two sea squirt models. The five conserved tyrosine residues in vertebrate PMP22 sequences are marked (shaded white W) above sea squirt PMP-22-1. The three that are also present in sea squirt PMP22-1 and PMP22-2 are shown with a black background. The four cysteine residues common among tetrapod PMP22 (three are common with fish sequences) are indicated by shaded white Cs above the sea squirt PMP22-1 sequence. The region conserved among PMP22 and connexin proteins that might be involved in extracellular interactions (Sanders et al., 2001 ) is indicated by brackets {} above the alignment. Sea squirt model cysteine residues close to the second conserved cysteine are shaded within the alignment. The single N-glycosylation site, marked above the sea squirt PMP22-1 sequence, is not conserved in the sea squirt or the zebrafish sequences. Residues conserved among PMP22, EMP1, EMP2 and EMP3 are represented with letters above the sea squirt PMP22-1 sequence. The point mutations L3 P (position 16) in trembler and G3 D (position 150) in trembler-J are designated with the symbol # above the sea squirt PMP22-1 sequence. squirt sequences are outliers and do not associate with a specific family member, suggesting that these sequences predate the division of the family into the different protein subfamilies observed in vertebrates. Sea squirt PMP22-1 is associated with a cluster (Table 2) whose EST hits are concentrated in young adults and larvae and in heart. Sea squirt PMP22-2 is associated with a different cluster (Table  2) whose EST hits locate in the young adult and neural complex.
Discussion
How myelination, a prominent component of all vertebrate nervous systems, evolved is an important question in biology. Myelination requires a complex series of interactions between neurons and glial cells to foster a nervous system characterized by rapid, stable, and efficient transmission of nerve impulses from neuronal soma to terminal specializations. Perhaps, as in other systems such as jaws (Shigetani et al., 2002) , the vertebrate endocrine system (Campbell et al., 2004) , and antibodymediated immunity (Klein and Nikolaidis, 2005) , preexisting pieces were connected into the myelination process by gnathostome ancestors. Although focus here is limited to the origins of a few glial proteins recruited for myelin assembly, one should realize that very many proteins are required both for the coordinated interactions between differentiating glial cell and growing axons that precede myelin sheath formation and for the formation of paranodal and nodal specializations. These are events that require precise targeting of axonal and glial lipids and proteins to specialized membrane domains where glial cells and neuron processes interact.
Here, we show that four proteins involved in myelin sheath formation and stabilization have homologs in the ascidian genome; these four are proteolipid protein (PLP), myelin and lymphocyte protein (MAL), plasmolipin, and peripheral myelin protein 22 (PMP22). We also find that three other proteins, including the two most important myelin proteins, myelin basic protein (MBP) and protein zero (P 0 ), do not. MBP and P 0 are abundant in all sheaths except when P 0 is replaced by PLP in tetrapod CNS sheaths. Furthermore, mutant animals that lack either protein have the poorest ability of all myelin protein mutants to form sheaths. Clearly, MBP-deficient shiverer and mld mutants are unable to form CNS myelin sheaths (Privat et al., 1979) , and P 0 -knockout mice are unable to form PNS sheaths (Giese et al., 1992) . Mutants lacking all other myelin proteins-including PLP, MAL, and 2Ј, 3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNP)-make relatively normal myelin before instability, axon degeneration, or both set in (Boison and Stoffel, 1994; Lappe-Siefke et al., 2003; Schaeren-Wiemers et al., 2004) . These results suggest the importance of finding the evolutionary origins of MBP and P 0 .
All proteins required for myelin sheath formation and maintenance were either adopted from other situations or found additional niches when they evolved for roles in myelination. MBP is expressed in spleen and lymph node macrophages (Liu et al., 2001) , P 0 in embryonic Schwann cells (Bhattacharyya et al., 1991) , DM20 in oligodendrocyte progenitors (Dong et al., 1999) , M6 proteins in neurons (Yan et al., 1993) , CNP in lymphoid tissues (Bernier et al., 1987) , MAL in lymphocytes (Alonso and Weissman, 1987) , plasmolipin in kidney , and PMP22 in fibroblasts (Schneider et al., 1988) and epithelial cells (Notterpek et al., 2001) . Furthermore, in several cases, for example, MBP (Kitamura et al., 1990) and PMP22 (Bosse et al., 1994) , separate promoters were adapted for high-level expression in myelinating cells.
The present study employs a database mining approach, similar to one used by others (e.g., Sasakura et al., 2003) to identify members of select protein families in the Ciona genome. Here, focus is on proteins used for myelin sheath formation and maintenance. Restricting the search to lowmolecular-weight, single-domain proteins and starting from databases that contained, where possible, representative sequences from mammals, birds, reptiles (most poorly represented), amphibian, and teleost and cartilaginous fish, we successfully identified eight sea squirt protein relatives of myelin lipophilins, MAL/plasmolipin, and PMP22 proteins. The best model, in terms of relatedness or expectancy value, protein structure, and gene organization, was sea squirt DM-1. It not only was identified with all queries tested, it also had the same intron-exon structure and the highest expectancy (Table 2 ) of all myelin homologs. Other lipophilin homologs, as well as MAL/plasmolipin and PMP22 models, were all identified from a restricted subset of query sequence searches. Judged on the basis of intron-exon structure and relatedness to known myelin proteins, these are less vertebrate-like. As previously proposed, reciprocal BLASTP searches, which identified both conserved domains and bona fide myelin protein homologs as top hits in database searches, were used as criteria to determine whether sea squirt models were in fact homologs to proteins of interest.
From this search for myelin protein homologs, it was particularly interesting that all sea squirt homologs were tetraspan family proteins. No Ciona homologs were identified for the three non-tetraspan proteins used in our search. In addition, olig1, a non-tetraspan protein that is an important transcription factor for myelination (Zhou et al., 2000) , was not found in a search of the Ciona genome . Connexins, a tetraspan protein family that includes at least two "myelin-related" members-connexin-32 (Dermietzel et al., 1997) and connexin-29 (Altevogt et al., 2002) are clearly abundant in sea squirt (Sasakura et al., 2003) , though homologs of the myelin-specific connexins were not identified. In addition to studies focused on Ciona, studies with other non-vertebrate genomes identified two other myelin tetraspan family proteins, namely PMP22/claudin in Caenorhabditus elegans (Agostoni et al., 1999) and single DM/M6 proteins in Drosophila melangaster and Bombyx mori (Stecca et al., 2000) . With availability of complete fruit fly and nematode genomes, the absence of MBP, P 0 , and CNP homologs suggests that these proteins likely evolved relatively late. As additional genome projects become available, especially those for amphioxus and lamprey, it will be interesting to see if they contain MBP and P 0 homologs.
Further support for differences in evolution of myelin tetraspan versus non-tetraspan proteins comes from consideration of orthologs. The protein families that relate to MBP, P 0 , and CNP (excluding gRICH) are comparatively small, consisting usually of a single member. Even with teleost fishes that have probably undergone an additional round of genome duplication (Jaillon et al., 2004) , only single MBP, P 0 , and CNP proteins were identified. Either the properties of mutations caused their removal from the genome or they were fashioned relatively late. In striking contrast, database searches identify many different proteins that fall into lipophilin, MAL/plasmolipin, and PMP22 families.
Taken together, these findings suggest that genes encoding different tetraspan protein families, including lipophilin, MAL/plasmolipin, PMP22/claudin, and connexins, are ancient and were important in the functioning and survival of the common urochordate/chordate ancestor. They also indicate that ancestors of other key myelin proteins, including MBP, P 0 , CNP, and olig1, most likely developed rather late, possibly with the first vertebrates. The need for different types of tetraspan family proteins can be realized not only from their presence in a basal vertebrate, but also by the numbers of family members present in different species today. There are several DM/M6 proteins in human (Werner et al., 2001) , amphibians (Yoshida et al., 1999) , and teleost and cartilaginous fishes. Pufferfish has three PMP22-like proteins, as well as many representatives of the larger claudin family (Loh et al., 2004) , whose members are particularly important for the function of tight junctions (Tsukita and Furuse, 2002) . Further, the family extends to nematodes (Asano et al., 2003) .
As evident from the literature and from alignments shown here, tetraspan proteins used in myelin differ in structure (Bronstein, 2000) . For example, whereas MAL/plasmolipin and PMP22 proteins have few cysteine residues, lipophilin proteins have many. Although additional studies are needed to determine whether they are products of posttranslational modification, as is the case with PLP/DM20, conserved locations are suggestive. Alignments show both similarities and differences between sea squirt proteins and vertebrate homologs. In most cases the changes are small enough to allow conserved domain sequences to be identified (Table  2) . Clearly the common myelin_PLP, MARVEL, and PMP22_claudin domains that distinguish these proteins contain important keys to their functions.
All three sea squirt DM proteins have recognizable myelin_PLP domains. DM-1 is closest to the vertebrate-like lipophilin family and appears closest to M6A on the basis of similarity in the C-terminal tail (Fig. 1) . In BLASTP searches, all three DM models identify M6B proteins as top hits (Table 2) . Studies of expression patterns of the mRNAs and the upstream regulatory regions in developing ascidians (Kusakabe, 2005) may provide clues as to how these proteins evolved to function in both neurons and glial cells. The identification of a potential sequence related to PLP-specific exon 3b may also prove useful in untangling the relationships that allowed myelin PLP to evolve. Cysteine residues and cysteine residue modifications clearly play a role in lipophilin protein function (Hudson, 2004) , and efforts to see if these modifications exist in M6 family and in sea squirt DM proteins will not only strengthen the conviction that they are functionally important, but also open avenues to understanding how the modifications influence function.
The functions of MAL, plasmolipin, and PMP22 in myelination are not entirely clear, as the processes whereby proteins and lipids assemble to form and stabilize the expanding plasma membranes of oligodendrocytes and Schwann cells are complex. Growing interest in lipid raft and raft signaling in myelin formation (e.g., Schafer et al., 2004) and evidence that these proteins are included in rafts in other cells (e.g., Hasse et al., 2002) open up studies that will further our understanding of the role of different tetraspan proteins in the elaboration of myelin.
In summary, we have found that the pre-duplicated genome of the sea squirt, Ciona intestinalis, contains homologs of a subset of proteins that are important for myelination. We hope that further studies on the location, expression requirements, and structural properties of these proteins in sea squirt and other simpler nervous systems will aid in our understanding of myelin evolution.
